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ABSTRACT Electron paramagnetic resonance spectroscopy of a spin probe attached to cys-707 on myosin cross-bridges
was used to monitor the orientation of the myosin catalytic domain at the beginning and end of the working power stroke in
active muscle. Elevated concentrations of orthophosphate and decreased pH were used to shift the population of cross-
bridges from force-producing states into low force, pre-power-stroke states. The spectrum of probes in active fibers was not
changed by conditions that reduced tension by 70%, indicating that the orientation of the catalytic domain was the same at
the beginning and end of the power stroke. Thus the data show that the catalytic domain remains rigidly oriented on the actin
filament during the power stroke.
INTRODUCTION
The force and motion produced by contracting muscle re-
sults from a cyclic interaction between the contractile pro-
teins, actin and myosin. In this cycle a myosin cross-bridge
attaches to an actin filament and produces a power stroke in
which the actin filament is translated by approximately 10
nm. This translation is thought to result from conforma-
tional changes within the myosin head (reviewed in Cooke,
1986; Goldman, 1987). A fundamental, unresolved question
in muscle biophysics concerns the nature of the structural
changes that occur within the myosin cross-bridge during
the working power stroke. These were originally thought to
involve a rotation of the entire myosin head, which acted as
a rowing oar. However, more recent structural studies, dis-
cussed below, suggest that a portion of the myosin head is
oriented rigidly on the actin filament during the power
stroke, while a second region acts as the rowing oar.
The recent x-ray crystallographic solution of myosin sub-
fragment-i (Si) and the derived structure of Si bound to
F-actin have brought renewed impetus to this question
(Rayment et al., 1993a,b; Schroder et al., 1993). The struc-
ture of Si consists of a large globular region (the catalytic
domain) that contains sites for binding both actin and nu-
cleotide. Extending from this globular region is a long (85
A) neck region that ends in the junction with the myosin
thick filament. These structures have suggested a model for
force production in which the catalytic domain of myosin is
thought to attach in a rigid fashion to actin (Rayment et al.,
1993a). Subsequent opening of the nucleotide pocket, me-
diated by nucleotide hydrolysis and release of the y-phos-
phate of ATP, results in a change in the orientation of the
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neck region. The neck then functions as a lever arm, pro-
ducing a 5- to 10-nm power stroke. A central tenet of this
hypothesis, that the catalytic domain should remain rigidly
oriented on actin during the power stroke, can thus be tested
by comparing the orientations of the catalytic domain at the
beginning (pre-power-stroke) and at the end (post-power-
stroke) of the working cycle. The post-power-stroke state is
the well defined, rigor state. However, the structure of the
physiological pre-power-stroke state remains undefined.
We address this uncertainty here.
A number of lines of evidence from both biochemical and
mechanical studies have supported the pivotal role of Pi
release in the initiation of the working power stroke (re-
viewed in Hibberd and Trentham, 1986; Cooke, 1986;
Goldman, 1987; Hibberd et al., 1985). The initial attach-
ment of cross-bridges to actin is thought to be in a low force,
weakly attached, pre-power-stroke A MADPPi state (A for
actin; M for myosin) that is in equilibrium with a similar
AMATP state. Pi release from the pre-power-stroke cross-
bridge then results in a transition to a strongly bound,
force-producing, post-power-stroke state. Of particular rel-
evance is the observation that in fibers, Pi is able to rebind
to the myosin active site, reversing the low to high force
transition and increasing the fraction of cross-bridges in the
pre-power-stroke configuration. Mechanically, this is ob-
served to depress isometric tension. However, fiber stiffness
decreases less than force, indicating that a fraction of the
pre-power-stroke cross-bridges remain attached to actin
(Hibberd and Trentham, 1986; Cooke, 1986; Goldman,
1987; Hibberd et al., 1985). The effects of increased [H+]
on fiber mechanics are similar to those of increased [Pi],
with tension inhibited more than stiffness (Metzger and
Moss, 1987, 1990; Renaud et al., 1987; Cooke et al., 1988;
Seow and Ford, 1993; Fitts, 1994). This may suggest that
decreased pH also increases the fraction of pre-power-
stroke cross-bridges. The myosin hydrolysis step is inhib-
ited at the lower pH (Taylor, 1977), also suggesting that the
states populated may precede the power stroke and include
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AMATP. Thus in our study we employed, singly and in
combination, increased [Pi] and decreased pH (7 -> 6.2) to
preferentially populate the pre-power-stroke cross-bridge
state. A further motivation for the study of decreased pH
was that at low pH the singly charged, diprotonated phos-
phate species predominates in solution (pKa = 6.8). Hence,
we could maintain constant solution ionic strength while
using a 25% higher [Pi].
MATERIALS AND METHODS
Rabbit psoas fibers were chemically skinned and mechanical measure-
ments were made using previously described protocols (Cooke et al.,
1988). The reactive sulfhydryl cys-707 (SH-1) of myosin in glycerinated
rabbit psoas fibers was labeled with N-[1-oxyl-2,2,6,6-tetramethyl-4-pip-
erdinyl] maleimide (MSL) using a procedure described in detail by Zhao et
al., (1995). Small bundles of 25-50 skinned fibers were washed in 20 mM
MOPS, 5 mM MgCI2, 1 mM EGTA, pH 7.0 (buffer A) for 20 min to
remove the glycerol present in the skinning solution. The fibers were then
incubated for 60 min in buffer A to which 60 ,uM 2-2'-dithio-bis(5-
nitropyridine) (NO2SPY) had been added (pre-block step). Fibers were
subsequently washed again in buffer A for 10 min, followed by a 10-min
equilibration in 0.18 M KOAc, 5 mM MgCl2, 5 mM EGTA, 20 mM MES,
pH 6.5 (buffer B). Fibers were then labeled for 20 min in buffer B, with 0.1
mM MSL and 5 mM Na4P207 added. Fibers were subsequently washed for
10 min in buffer B to remove unreacted MSL labels and then equilibrated
for 40 min in skinning buffer. All of the above steps were performed at
0°C. Fibers were then stored at -20°C until use. Before experimentation,
the fibers were washed with rigor buffer (see below) containing 5 mM
dithiothreitol for 30 min.
The MSL-labeling steps above are similar to those described previously
(Thomas and Cooke, 1980). The additional, pre-block step is carried out
under conditions in which cys-707 is only weakly reactive, allowing
NO2SPY to form disulfide bonds with other SH groups in the fibers and
hence blocking these groups from reacting with MSL during the labeling
step. After the MSL labeling of cys-707, the disulfide bonds formed with
NO2SPY are removed by washing with dithiothreitol. This modification of
the labeling protocol provided greatly enhanced specificity of labeling for
cys-707, resulting in the labeling of 40-50% of myosin cys-707 in the fiber
(Zhao et al., 1995). Thus, it was not necessary to react fibers with
K3Fe(CN)6 to reduce the EPR signal from nonspecific labeling as has
sometimes been the practice in the past.
EPR measurements were performed with an ER/200D EPR spectrom-
eter from Bruker Instruments (Billerica, MA). X-band, first-derivative
absorption EPR spectra were obtained with the following setting: micro-
wave power, 25 mW; gain, 1.0 x 106; center field, 0.3475 Tesla; time
constant, 100 ms; frequency, 9.74 GHz; modulation, 0.08-0.2 mTesla at a
frequency of 100 kHz. The baselines for all spectra are 10.0 mTesla wide.
Each spectrum used in data analysis represents the average of 20-40
distinct sweeps from an individual experimental preparation of -100
spin-labeled fibers secured at constant length in a capillary aligned parallel
to the magnetic field, in the center of the TEoll cavity. The sweep time was
10 s. Experimental buffer was flowed through the capillary at a rate of -2
cm/s.
The measurements of single fiber mechanics were made by using the
experimental apparatus described by Pate et al. (1994) and Zhao et al.
(1995), which permits transferring mounted fibers between wells contain-
ing differing experimental buffers. Single fibers were dissected from a
small bundle of glycerinated fibers and mounted in a well between a
solid-state force transducer (Akers 801; SensoNor, Horten, Norway) and an
arm connected to a rapid motor (General Scanning, Watertown, MA) for
changing muscle length. Buffer was added to the well immersing the fiber.
The length of mounted fiber was measured at X20 magnification with the
graticule of a dissecting microscope mounted directly over the fiber well.
The resonant frequency of the transducer with mounted fiber was 2 kHz.
Fiber tension was monitored by a 486 personal computer with Tecmar A/D
boards (Tecmar Co., Cincinnati, OH). Isometric tension was normalized
with respect to fiber area by measuring the fiber diameter at five to seven
locations along the fiber at X 126 magnification and averaging the values.
Fiber stiffness was determined from a series of rapid extensions of
muscle length of differing magnitudes applied to a fiber. For these mea-
surements, a 1% change in muscle length was 90% complete in 0.5 ms.
This corresponds to a speed of stretch of 2 X 103 nm/half-sarcomere/s.
Fibers were typically stretched by 0.3, 0.6, 0.9, and 1.2% of fiber length,
and the peak force was reached after the stretch was determined. The plot
of peak force versus the percent length change was linear to a good
approximation, and a least-squares linear fit was made to the data. The
slope was taken as the fiber stiffness (Cooke et al., 1988). Although the
stiffness was measured on single fibers and the spectra on bundles, this
should not pose a problem. Measurements of stiffness on small bundles of
three to five fibers provide values that are the same as for single fibers.
The experimental apparatus described above was used to study single
fibers. To determine whether the changes found in the single fibers also
occurred in the bundles of fibers observed in the EPR experiments, a
second apparatus was constructed. Fibers were mounted in a capillary and
perfused via a pump from one end, as in the EPR cell. The other end of the
capillary was left open and the bundle was connected via surgical thread to
a force transducer. Force was recorded as a series of relaxing or activating
solutions perfused the fibers. The diameter of the bundle of fibers was
measured at 7 to 10 locations along the bundle at X20 magnification and
values were averaged.
The experimental buffers for both EPR and mechanical experiments
contained 5 mM MgATP, 30 mM creatine phosphate (CP), 5 mg/ml
creatine phosphokinase (CK), 1 mM EGTA, and 20 mM MOPS (pH 7.0)
or 20 mM MES (pH 6.2), with variable concentrations of potassium
acetate, KH2PO4, K2HPO4, and MgCl2, maintaining a constant calculated
ionic strength of 230 mM. For rigor conditions, ATP, CP, and CK were
omitted. To activate fibers, CaCl2 was added, yielding a final pCa of -4.5.
As a result of Pi contamination in commercially available CP and ATP,
buffers described as containing 0 added Pi contained -1 mM Pi. Temper-
ature was maintained at 22°C for all experiments.
RESULTS
EPR spectroscopy has proven to be a powerful tool for
monitoring the orientation of functioning muscle cross-
bridges (Thomas and Cooke, 1980; Thomas, 1987). A ma-
leimide spin label (MSL) can be rigidly attached to a highly
reactive cysteine (cys-707) on the myosin head (Thomas
and Cooke, 1980). Fig. 1 A shows the EPR spectrum of
rigor, MSL-labeled fibers. The spectrum consists of three
sharp lines that indicate an oriented population of probes.
The splitting between the lines depends upon the angle
between the magnetic field of the spectrometer and an axis
within the probe. For the spectrum of rigor fibers in Fig. 1
A, the probes were highly ordered (a Gaussian distribution
at an angle of 820 with respect to the fiber axis with a full
width at half-maximum of 12-15°). Fig. 1 B shows the
spectrum observed when the rigor fibers in Fig. 1 A were
relaxed, detaching myosin from actin. The three sharp lines
were replaced by broadened peaks that were indicative of a
highly disordered angular distribution of probes. Although
the entire spectral widths were used in subsequent data
analyses, the spectral change between the rigor and relaxed
states was most easily observed from the decrease in the
peak that originates from ordered probes (P2) and the con-
current increase in the peak originating from disordered
probes (P1).
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FIGURE 1 EPR spectra from the same bundle of MSL-labeled fibers
obtained in the following conditions. (A) Rigor. The spectrum consisted of
three sharp lines indicating a highly ordered population of probes (Gaus-
sian distribution angled at 820 to the fiber axis, with a full width at
half-maximum of 12-15°). (B) Relaxation. The three sharp lines were
replaced by broadened peaks that were indicative of a highly disordered,
isotropic angular distribution of probes after myosin detached from actin.
(C) Activation, 0 added Pi, pH 7.0. (D) Activation, 60 mM Pi, pH 6.2.
Spectrum E shows the difference between the spectra of fibers activated in
0 and 60 mM added Pi (C and D). There is no significant difference
between the spectra in C and D, indicating that the orientation of the probes
in active fibers was unchanged as the fraction of pre-power-stroke cross-
bridges was increased by increased [PiJ and [H+]. The spectra show the
derivative of absorption as a function of the magnetic field, with a sweep
width of 10 mTesla.
Previous studies of rigor and relaxed conditions have
found spectra similar to those in Fig. 1 (Cooke et al., 1982;
Fajer et al., 1990). Moreover, the probes in active fibers
were previously found to be a linear combination of two
distinct populations: one was ordered, with an orientation
similar to that of rigor, and the other was disordered as in
relaxation. Fig. 1 C shows the spectra obtained from active,
isometric fibers for conditions in which the experimental
buffer contained 0mM added Pi, pH 7.0. Similar to previous
studies of active fibers, the increased ordering of probes in
active fibers compared with relaxed fibers was evidenced by
the increase of P2 in Fig. 1 C when compared with Fig. 1 B.
To define the structure of pre-power-stroke cross-bridges,
we also examined the orientation of the labeled muscle
fibers at elevated [Pi]. Thus we used conditions that selec-
tively increased the population of pre-power-stroke states.
Fig. 1 D shows the spectra obtained for active contraction in
a buffer containing 60 mM Pi, pH 6.2. The difference
spectrum between Fig. 1, C and D, is given in Fig. 1 E. This
spectrum is flat to within experimental error and indicates
that there is no difference in either the percent of ordered
probes present, or the angular orientation of the ordered
component at low and high [Pi]. Table 1 gives the percent-
age of ordered probes, and the isometric tension and me-
chanical stiffness data for the active conditions described
above. The increase in [Pi] from 0 to 60 mM and the
decrease in pH from 7.0 to 6.2 caused a decrease of 70% in
tension and 30% in stiffness. However, the fraction of
ordered probes was ~-19% under both conditions. Thus our
fundamental observation is that despite the large reduction
in the population of strongly bound, force-producing cross-
bridges in the presence of elevated [Pi], the ordered fraction
of cross-bridges monitored by EPR is the same at low and
high [Pi].
The ordered component of labeled fibers during active
contraction is analyzed in greater detail in Fig. 2. Fig. 2 A is
0.20 times the rigor spectrum (Fig. 1 A). The solid line in
Fig. 2 B is the spectrum of active fibers obtained at pH 7.0,
0 added Pi (Fig. 1 C) minus 0.80 times the relaxed spectrum
(Fig. 1 B). The dashed line in Fig. 2 B is the equivalent
difference for the active spectrum obtained at pH 6.2, 60
mM Pi (Fig. 1 D). The residual spectra from the fit to 20%
TABLE I Mechanical parameters and EPR ordered fraction
for active fibers at varying [PJ and pH
Stiffness Ordered fraction
Tension (N/mm2) (N/mm2) (% rigor)
0 added Pi, pH 7.0 0.16 ± 0.01 (8) 11.7 ± 0.5 (8) 19.6 ± 1.2 (15)
0 added Pi, pH 6.2 0.10 ± 0.01 (10) 10.7 ± 0.4 (10) 19.2 ± 1.4 (4)
44 mM Pi, pH 7.0 0.09 ± 0.01 (10) 9.5 ± 0.4 (10) 18.0 ± 2.7 (4)
60 mM Pi, pH 6.2 0.05 ± 0.01(10) 8.2 ± 0.3 (10) 19.1 ± 1.3 (15)
Mechanical and EPR properties of active fibers varying [Pi] and pH, singly
and in combination. The measurements of active tension and stiffness were
from MSL-labeled fibers taken from the same fiber bundles as used for
EPR experiments. The relative ordered fractions in the EPR spectra were
obtained by decomposition as shown in Fig. 2. Data are mean ± SEM, with
the number of observations shown in parentheses. Isometric tension was
decreased by either an increase in [Pi] or by a decrease in pH, with smaller
changes occurring in stiffness. However, the ordered component in the
EPR spectrum was unchanged by any of the conditions. As in Fig. 2, C and
D, all difference spectra were flat (spectra not shown). The proportional
changes in tension and stiffness as a result of increased [Pi] were approx-
imately the same at both pH 7.0 and pH 6.2, suggesting that the states
populated by decreasing the pH resemble those populated by increasing
[Pi] both structurally and mechanically. In addition, the data show that
variation in pH does not affect our conclusions as regards variation in [Pi].
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FIGURE 2 Additional analysis of the spectra of Fig. 1, showing that the
spectra of active fibers can be deconvoluted into two components: one
ordered as in rigor (20% of the total) and the other disordered as in
relaxation (80% of the total). (A) 0.20 times rigor spectrum of Fig. 1 A. (B)
Solid line, difference spectrum remaining after subtracting the disordered
component from the spectrum of active fibers in 0 added Pi, pH 7.0 (Fig.
1 C minus 0.80 times Fig. 1 B). Dashed line, difference spectrum remaining
after subtracting the disordered component from the spectrum of active
fibers in 60 mM Pi, pH 6.2 (Fig. 1 D minus 0.80 times Fig. 1 B). The
similarity of the ordered components, despite the shift of cross-bridges
from force-producing states to pre-power-stroke states, shows that at least
a portion of the pre-power-stroke states are ordered. The residual spectra
for the above deconvolutions between active fibers are shown for pH 7, 0
added Pi (C) and for pH 6.2, 60 mM Pi (D). These spectra are flat to within
experimental error. Thus there is no difference between the spectra from
active fibers and a linear combination of spectra from rigor (20%) and
relaxed (80%) fibers at both low and high [Pi].
of the rigor spectrum and 80% of the relaxed spectrum are
also given in Fig. 2 C (0 Pi) and Fig. 2 D (60 mM Pi). To
within experimental error, these spectra are both flat. Thus
there is no difference between the spectra of active fibers
and a linear spectral combination of 20% ordered (rigor)
and 80% disordered (relaxed) at both low and high [Pi] for
the spectra shown in Fig. 1. The 20% value for the active,
ordered component is within the experimental envelope
given in Table 1. Previous values for the active, ordered
component have ranged between 12 and 20% (Thomas,
1987; Cooke et al., 1982; Fajer et al., 1990).
To investigate the effects of a wider variation in mechan-
ical parameters, we varied both pH and [Pi]. Table 1 shows
results obtained under four different conditions as pH and
[Pi] were varied, singly and in combination. Isometric ten-
sion was decreased by either an increase in [Pi] or by a
decrease in pH, with smaller changes occurring in stiffness.
However, the same spectral decompositions were obtained
when pH and [Pi] were varied separately, demonstrating that
no new angular orientations were introduced under any of
changes in tension and stiffness as a result of increased [Pi]
were approximately the same at both pH 7.0 and pH 6.2.
Thus, although the exact states selectively populated by
decreasing the pH are unknown, the data shown in Table 1
provide additional evidence that they may resemble those
populated by increasing [Pi] both structurally and mechan-
ically. In addition the data show that variation in pH does
not affect our conclusions as regards variation in [Pi].
The mechanical data shown in Table 1 were obtained on
single fibers. To determine whether similar changes in ten-
sion occurred in the bundles of fibers observed in the EPR
chamber, tension was measured in parallel experiments on a
similar preparation as described in Materials and Methods.
In the relaxed fiber bundle tension was low. Upon activation
at pH 7 in the absence of added Pi the tension rose to a high
value, which decreased rapidly by 65% upon subsequent
activation in a high Pi solution at pH 6.2. This decrease in
tension is similar to the 69% decrease observed in the single
fibers. Although the absolute value of the tension is less
certain here because of the difficulty in measuring an accu-
rate diameter for the bundles, the tension was estimated to
be 0.15 ± 0.015 N/mm2 in the pH 7 low Pi solution. This
experiment shows that fibers in the capillary produce high
tensions and that the effects of Pi are not masked by exces-
sive build-up of Pi in the bundles. The results again argue
that the mixing flow of the solution through the cell pro-
vides adequate perfusion of the fibers.
DISCUSSION
The data obtained here show that probes attached to the
reactive sulfhydryl on the catalytic domain remain ordered
in the states populated by high Pi and H+. Our probes are
attached to the end of the cross-bridge catalytic domain
furthest from actin and thus are in an ideal position to
amplify any change in the orientation of the catalytic do-
main relative to the actin filament. We have used increased
[Pi] and decreased pH to populate pre-power-stroke states.
The probe spectra shown in Figs. 1 and 2 report that the
catalytic domain maintains the same orientation in the pre-
power-stroke states as it does in control active fibers. This
shows that in these pre-power-stroke states, a cross-bridge
spends at least a portion of its time with the catalytic domain
ordered on actin. The same portion of cross-bridges are
ordered, in fact, as are found at lower [Pi] and higher pH,
where both the force and stiffness of the fibers are greater.
Their orientation is the same as is seen for post-power-
stroke, rigor, A-M cross-bridges. If the cross-bridges spend
at least a portion of their time ordered in the pre-power-
stroke state, and this orientation is the same as occurs at the
end of the power stroke, one can conclude that the orienta-
tion of this domain did not change during the power stroke.
Assuming that these states represent the pre-power-stroke
structure in the model proposed by Rayment et al. (1993a),
they support a key element of this model; i.e., the myosin
catalytic domain remains rigidly oriented on the actin fila-
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ment during the power stroke. If the catalytic domain does
not move during the power stroke, the power stroke must be
generated by the movement of another portion of the pro-
tein. As suggested by Rayment and co-workers (Rayment et
al., 1993a), it appears likely that this movement involves the
neck region of myosin. Indeed, several recent studies of
spectroscopic probes support this conclusion, showing that
the neck region is more disordered in active fibers than is
the catalytic domain (Hambly et al., 1992) and that its
orientation can be perturbed by force (Allen, Irving, and
Goldman, unpublished observations).
The population of pre-power-stroke states can also be
enhanced, transiently, after photolytic release of ATP from
caged ATP, and the results obtained are compatible with our
conclusion that some pre-power-stroke states are ordered.
During the rise of tension that occurred after the release of
ATP in rigor muscle fibers, the orientations of both fluo-
rescent or paramagnetic probes attached to cys-707 did not
change (Tanner et al., 1992; Roopnarine and Thomas, un-
published observation). These observations are fully con-
sistent with the results found here. After binding of the
liberated ATP to the myosin head, high concentrations of
pre-power-stroke states will be achieved very rapidly. Thus
the rise in force occurs upon the transition from non-force-
generating, pre-power-stroke states to force-generating,
power stroke states. The lack of a change in the probe
spectra during this transition can be explained if the probe
orientations in the pre-power-stroke states and the power
stroke states are the same.
Our data suggest that at least a portion of the pre-power-
stroke states obtained with high [Pi] are ordered; however,
there is evidence that myosin heads can also bind to actin
with disordered probes. States resembling those that follow
ATP hydrolysis can be selectively populated by addition of
2,3-butanedione monoxime, a small molecule that binds to
and stabilizes the A-M-ADP-Pi state (Herrmann et al., 1992),
or by the use of metallofluoride complexes of aluminum
(AlF.) that function as a Pi analogue and stabilize an
AM ADP AlFX state (Chase et al., 1993). In contrast to the
ordered probes that we find upon addition of high [Pi], the
spin probe spectra of the states that are stabilized by addi-
tion of 2,3-butanedione monoxime (Zhao et al., 1995) or
AlFx (Raucher and Fajer, 1994) display complete disorder,
whereas mechanical stiffness remains high. An extensive
line of investigation by Thomas and co-workers has shown
that myosin heads bound to actin can be mobile on the
microsecond time scale (Berger et al., 1989; Barnett and
Thomas, 1989; Stein et al., 1990; Fajer et al., 1991; Berger
and Thomas, 1993). In addition, electron cryomicroscopy
has also provided evidence for attached, but randomly or-
dered cross-bridges (Hirose et al., 1993; Walker et al.,
1994). Together, these data show that myosin cross-bridges
are capable of binding to actin with disordered and or
mobile catalytic domains, although the position of these
states in the cycle remains unclear.
Although there is no measurable decrease in the ordered
fraction as [Pi] increases and pH decreases, the measured
stiffness has decreased. Fiber stiffness is often taken as a
measure of the fraction of attached cross-bridges, suggest-
ing that the fraction of attached cross-bridges has decreased
without a decrease in the ordered fraction. Three different
models, described below, could explain this apparent dis-
crepancy. In model 1, the stiffness of the weakly bound
states, A M-ATP or A M-ADPPi, could be less than that of
the strongly bound AMADP states. This possibility was
checked by simulations using a modified five-state cross-
bridge model derived from that of Pate and Cooke (1986).
The model was modified so that the stiffness of the weakly
bound state, state 3 in the original model (A.M.ADP-Pi), is
only one-half of that of the strongly bound states. As phos-
phate increases, the simulated decrease in tension is approx-
imately twice that of the decrease in stiffness, with only a
minor decrease in the fraction of attached cross-bridges,
<5% detached at a tension decrease of 60%. Thus, a simple
modification of existing models could explain the results,
but unfortunately, the exact stiffness of the states populated
by increased Pi is not known. In model 2, the attachment
and detachment rates of the weakly bound states could be
rapid. To appear as an ordered component in the EPR
spectrum, the paramagnetic probe must remain ordered for
only approximately 1 ,s. This is three orders of magnitude
less than the time of the stiffness measurements, which
require approximately 1 ms. In model 3, as discussed above,
some heads may be attached to actin in states with disor-
dered probes, and the changes in stiffness may arise from
alterations within these states.
In summary, there are probably several weakly bound
pre-power-stroke states with different properties. In the
present work we show that at least a fraction of the states
that are populated by elevated [Pi], the physiological hydro-
lysis product, are ordered, showing that ordered states occur
both before and after the power stroke. This result leads to
the conclusion that the orientation of the cys-707 region,
which is within the catalytic domain, does not change dur-
ing the power stroke.
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